The main function of non-ferrous metallurgical slags is collecting oxidized iron. For this reason these slags, unlike ferrous metallurgical slags, are highly acid. The major industrial problems associated with iron-silicate slags presently employed in non-ferrous metallurgical operation are metal losses in the slag phase, magnetite precipitation, and rather high viscosity. A review of our knowledge on these aspects is surveyed in this article. The atomic scale structure determined by x-ray diffraction is also presented, in order to facilitate fuller understanding of various properties of slag melts.
Various thermodynamic data of ferrite-base and soda-base slags obtained recently suggest wide applicability in various non-ferrous metallurgical processes. For this reason, an attempt has been made to review the presently available information about these relatively new type slags including their process implications.
I. INTRODUCTION
The most abundant elements in the earth's crust are O, Si, Al, Fe and Ca. Combining this knowledge with the thermochemical stabilities of oxides, it is not surprising that oxy-compounds of Si, Al, Fe and Ca are involved in at least one stage of all metallurgical processes. In pyrometallurgical processes, they constitute the slag. Thus molten slags, which are mainly oxide mixtures, play a significant role in many metallurgical processes such as slag-metal reactions. There is, therefore, an increasing need for understanding the various properties of molten slags. Much thermodynamic data is available for these metallurgical melts due to the efforts of many researchers. There have also been numerous measurements of transport properties such as viscosity, diffusivity and electrical resistivity of these metallurgical slag systems /1 /. Current progress in this subject relies upon accurate experimental data and useful theories, although knowledge is often far from complete.
The major problems associated with slags in nonferrous metallurgical operation of copper and nickel are known to be metal losses in the slag phase and the precipitation of magnetite from slags /2, 3/. For this reason, we will confine our discussion in this review to non-ferrous metallurgical slags and these two problems. Fundamental data on the relatively new calciumferrite-type slag system are also provided together with
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their process implications based, upon recent experimental studies.
GENERAL COMPOSITION OF NON-FERROUS METALLURGICAL SLAGS
Non-ferrous metals such as Cu, Ni, Pb and Zn, seldom occur in their elemental form, and are quite rare. Usually they appear as sulphides and, as a result, are amenable to flotation concentration techniques to upgrade the non-ferrous component. Invariably, pyrrhotite (Fei-x S) and/or pyrite (FeS2) are associated with the non-ferrous component. For this reason, pyrometallurgical processes for recovery of nonferrous metals are based on the oxidation of Fe at the slag phase and S at the gas phase. Consequently, slags from non-ferrous metal operations, unlike iron blastfurnace slags, contain large amounts of iron.
Typical analyses of non-ferrous metallurgical slags for the Cu and Ni processes are given in Table 1 . The CaO, AI2O3 and MgO concentrations are usually less than 10%, so that Fe0-Si0 2 , particularly Fe0-Fe 2 0 3 -S1O2, is the basic slag system in non-ferrous metallurgical operations. Figure 1 gives the phase diagram of FeO-FeiCV S1O2 as developed by Muan / 4/. Iron can exist in three different oxidation states in silicates, i.e., metallic, ferrous and ferric ions. The oxygen pressure in nonferrous metallurgical smelting is generally too high for metallic iron to exist, and only ferrous and ferricions are considered here. The 1300°C isotherm in Fig. 1 encloses the region of homogeneous melts at both Cu and Ni smelting temperatures. It should be noted that reverberatory furnace slags approach silica saturation, i.e., their compositions lie near the AD line, whereas converter slags approach magnetite saturation and have compositions near the DC line in Fig. 1 . The slagging of iron is accomplished by using Si0 2 as a flux. Therefore highly acidic slags are employed in non-ferrous metallurgical operation, in order to obtain the maximum separation of sulphide matte from oxide slag. Yazawa However, when sufficient silica is added to the system, separation takes place into two phases of compositions given by the conjugate points on the curve ACB in Fig. 2 . The differentiation between these two phases High Temperature Materials and Processes becomes more marked as the silica content of the system increases, and when silica saturation is reached, the liquid phases have the composition of A, representing slag, and of B, representing matte. For this reason, iron silicate base slags are commonly and widely used in the processes of non-ferrous extractive metallurgy.
ATOMIC SCALE STRUCTURE OF IRON SILICATE SLAGS
A knowledge of the atomic scale structure of slag melts is essential in order to discuss their characteristic properties. For this purpose, several modern instrumental techniques have been developed recently. Most of the methods enumerated in Table 2 have been applied mainly to the glassy state, under the assumption that the glassy state corresponds to a frozen liquid, and some encouraging results have been obtained.
Nevertheless in situ measurement of melts is a much more straightforward method for revealing the structural features of molten slags. Recently, direct information on the atomic scale structure of molten slags has been systematically obtained by means of a high temperature x-ray diffraction technique which is frequently employed for structural characterization of non-crystalline systems such as liquids and glasses / 6/. These current structural data are summarized in this chapter. The atomic scale structures of non-crystalline systems have often been characterized by the particular features of both gaseous and crystal states. However, there is no definite similarity between the noncrystalline state and either the gaseous state or the crystalline state. Therefore, an alternative approach is required to express the characteristic structural features of non-crystalline systems. The description of the atomic scale structure of non-crystalline systems usually employs the concept of the radial distribution function (RDF) indicating the probability of finding another atom from an origin atom as a function of distance. The information indicated by the RDF is only one-dimensional, but it does give almost unique quantitative information describing the atomic scale structure of non-crystalline systems. Since the detailed description for the principles and their usefulness of the RDF has already been provided /7/, we give here only the essential features of the RDF for convenience of discussion in this review article.
A reduced interference function i (Q), which corresponds to the structurally sensitive part of the total scattering intensity is related to the radial density function P,k(r), which is the distribution of type k atoms at a radial distance of r from atom i at the origin. This can be represented as follows:
, sin (Q r) P°] -QTdr (1) where p 0 is the average number density of atoms. By using the Fourier transformation, the following wellknown relationship can be obtained:
Equation (2) gives the fundamental relation between the distribution of atoms and the measured intensity data for non-crystalline systems including more than two kinds of atoms. The average near neighbor distances and their coordination numbers can be estimated from information on the so-called pair distribution function G(r). However, for the resolution of peaks in RDF, the following procedure /8, 9/ has frequently been used. If N ik , the average number of k-kind of atoms around any origin atom of type i, is separated by an average distance r, k , the distribution can be approximated by a discrete Gaussian-like distribution with a mean-square variation 2 ik. The distribution for higher neighbor correlations can be approximately expressed by a continuous distribution with an average density. Thus a reduced interference function i (Q) is given by the following equation:
The quantities r' a ßand 0' α β are the parameters of the boundary region which need not be sharp / 8, 9/. By applying eq. (3), the useful parameters r ik , Nik and the root mean square displacement (Ar 2 ik ) 1/2 for near neighbors are estimated so as to fit the experimental data with the least squares method. In this process, the variation of the calculated parameters n k , Nj k and (Ar 2 ik)' /2 are ± 0.01 A, ±0.3 atom and ±0.005 A, respectively. It should be kept in mind that this method is not a unique mathematical procedure, so that the application may be effective only for a few near neighbor correlations such as Si-O, O-O, Si-Si and M-O pairs in slag systems, where Μ denotes a metal atom. Figure 3 shows the pair distribution function G(r) for molten S1O2 at 1750° C /10/. The first peak in G(r) is very sharp and almost completely resolved, but the oscillations decay rapidly in the larger region of r and thus function G(r) shows no structurally significant deviation from the asymptotic value of the average density G(r) = 1 beyond about 8 A. Such behavior implies that one of the characteristic structural features of molten silica is a contrast between a distinct local ordering in the narrow region and a complete loss of positional correlation at a few nearest neighbor distances away from any starting point. The numerical values in Fig. 3 indicate coordination numbers estimated from the RDF data of 4nr 2 p D G(r). One of the most striking results in Fig. 3 is the fact that each silicon is surrounded by four oxygens at a distance of 1.62 A. From the geometry of the tetrahedron, the distance and coordination number of the O-O correlation are expected to be 2.65 A and 6 atom, respectively. The estimated values in Fig. 3 are consistent with this distribution. It can be readily deduced from these experimental data that the fundamental local ordering in molten silica is the S1O4 tetrahedron, and these units 1250 and 1350°C. The compositions selected for these structural studies are illustrated as constant S1O2 lines in Fig. 4 which shows the Fe0-Fe 2 0 3 -Si02 phase diagram at 1300°C /4/. Constant oxygen partial pressure lines are also superimposed on this diagram. form the so-called network structure. However, the correlation of such local ordering decays rapidly with increased distance. Similar behavior has also been found in the molten state for the network-forming oxides, P2O5 and B2O3. The local ordering units revealed for these melts are the PO4 tetrahedra and the BO3 two-dfmensional triangular plates, respectively /ll/. Therefore, one of the main purposes of structural characterization for slag melts is to reveal the local ordering unit structure and its distribution. The systematic study of the alkali and alkaline earth silicates /10, 12/ provides information on the modification of the network structure of pure silica, in which the local ordering units are the S1O4 tetrahedra, due to the addition of modifier oxides, M2O and MO. These conclusions also represent the structure of molten silicates at low S1O4 contents, where the S1O4 tetrahedral units are expected to exist individually.
300°C
A structural analysis of high temperature x-rays used in the study of molten alkali and alkaline earth silicates has recently been applied to the molten FeO-S1O2 and Fe0-Fe 2 0 3 -Si0 2 systems /13, 14/. In the case of the Fe0-Fe203-siC>2 ternary system, the S1O2 content and the oxygen partial pressures ranged from 22. No drastic change was detected in the profile of the distribution function G(r) for all samples with changes in temperature, S1O2 content and oxygen partial pressure. For this reason, only the results indicating the dependence on the S1O2 content are given in Fig. 5 at 1300°C, with an oxygen partial pressure of 2 χ 10 11 atm. as an example. The small oscillations which appear before the first peak, at about 1.6 A, are spurious and do not critically affect the estimation of either the distance or the coordination number /15/. The arrows in Fig. 5 denote the average distance of some pairs expected in this slag system.
Although there is a rapid damping in the oscillation of G(r) in all cases, the units of local ordering are evaluated from an analysis of the area under the respective peaks in RDF. The parameters in near neighbor correlations are summarized in Table 3 using the results obtained at 1300°C as an example. The interesting feature of the present' analysis is that a nearly constant coordination number of four oxygens around silicon was found within the composition range of 22.5 to 35 wt.% S1O2. The Si-O correlation is V. Average coordination number in unit of atom (±0.3 atm).
(ΔΓ".,) Root mean square displacements in unit of A (±0.005 A).
(A -10 "' m).
less sensitive to the S1O2 content, while that of the Fe-0 and Si-Si pairs change with increasing silica content. For convenience of discussion, the results are summarized in Fig. 6 at 1300°C at an oxygen partial pressure of ΚΓ 11 as a function of the S1O2 content. The following remarkable points can be made: 1. The fundamental local ordering unit in the FeOFe20 3 -Si02 system is the S1O4 tetrahedron within the temperature and composition range presently investigated, as confirmed by a nearly constant coordination number of about four of the nearest neighbor oxygen for silicon. This fundamental local ordering itself is insensitive to both temperature and composition.
2. The Si-Si correlation, which corresponds to the inter S1O4 tetrahedron, is not very sensitive to either temperature or Fe2Ü3 content. On the other hand, the Si-Si correlation certainly depends on the S1O2 content, i.e., the Si-Si distance gradually decreases as the S1O2 content increases beyond 27.5 wt.% S1O2. This decrease suggests that the polymerization of S1O4 tetrahedra occurs to form simple silicate anions such as chains of S12O7.
A nearly constant value beyond 30 wt.% S1O2 suggests that the degree of polymerization has reached a constant value within the near neighbor correlations.
3. The distance and coordination number of the Fe-O pairs gradually decrease with increase in the silica content from 25 wt.% S1O2 and become nearly constant beyond about 30 wt.% S1O2. The variation of the Fe-O pairs corresponds to a change in the position of the iron atoms from an octahedral site to a tetrahedral site of oxygen. All iron atoms are presumably located at positions near the singly bonded oxygens to maintain electrical neutrality. The Fe-O correlation is relatively insensitive to both temperature and the Fei0 3 content. However, the S1O2 content was found to play a significant role in the behavior of the Fe-O correlation in iron silicate melts.
The above three features were confirmed at different temperatures and oxygen partial pressures /14/. These current x-ray diffraction experiments clearly indicate that the major constituents of molten silicates including iron silicates are the S1O4 tetrahedra, although the distribution of these local ordering units differs from that of pure silica owing to a change in the network modifier content. The existence of discrete S1O4 tetrahedra is realistic only at dilute S1O2 contents, which are less than the orthosilicate composition / 33/ mole % S1O2). However, polymerization occurs to form chains or rings with an increase in the S1O2 content beyond the orthosilicate composition, as Si0 2 (wt%) shown in the results of Fig. 6 . These structural data support the fundamental assumption of the modified polymer theory for slag melts proposed by Masson and his colleagues /16/. For example, their evaluation of molten FeO-SiCh coupled with thermodynamic data suggested that only S1O4 tetrahderal units exist in the dilute S1O2 range and chains such as S12O7 gradually appear with increase in the silica content, as shown in Fig. 7 . However, quantitative information on the type of polymerized silicate anions could not be obtained from presently available diffraction data, except for the dilute silicate region. Only the following point may be suggested: no correlation of the Si-2nd Si distance between the experimental and theoretical values regarding branched chains, polymerized rings and even simple linear chains is observed in the dilute S1O2 region. Thus the S1O4 tetrahedral units exist individually in this composition range. On the other hand, the agreement between experimental and theoretical values for the Si-2nd Si correlation distance is clearly discernible in the cases of branched chains and polymerized rings in the rich S1O2 region, as shown in Fig.  5 . Thus, iron silicate melts with compositions beyond 30 wt.% S1O2 presumably consist of mixtures of branched chains and polymerized rings. 
METAL LOSSES TO SLAGS
Slags are known to be essential in pyrometallurgical operations of non-ferrous metals, acting as collectors for iron and gangue components in the feed as well as for eliminating various unwanted impurities. However, non-ferrous metal losses during extractive metallurgical processes are also inevitable, as exemplified by the results of Fig. 8 /2 /. In the pyrometallurgical production of both copper and nickel the major portion of the metal loss is due to metal transfer from the metal or matte phase to the slag phase. These metal losses in slags during non-ferrous extractive metallurgical processes are of great concern to metallurgists, especially nowadays, as the ores relatively rich in metals are diminishing, and large volumes of slag are involved in smelting practice. For example, the copper content of discard slags varies from 0.2 to about 1%, and depends on both operation and process.
In order to minimize metal loss, it is necessary to determine its form and origin. There has been a wide divergence of opinion on the subject of the form of copper in slags, and much has been written on this subject. However, it is now well accepted that metal losses in slags are mainly caused by mechanical entrainment and chemical dissolution. We will define mechanically entrained metal as a second phase, high in metal, distributed in a homogeneous slag phase. This results in a two liquid phase slag system. In the case of dissolved metal, we will define it as a distribution of a metal in a slag resulting in a single homogeneous phase.
There has been wide disagreement in the literature as to the relative magnitude of these phenomena.
From the values quoted in the literature, the mechanically entrained copper may constitute 25-75 % of the total loss in slags. The reason for this large variation can be attributed to the results of certain methods of examination such as x-ray diffraction and microscopy. These results may be influenced by changes of the structure which occur during the cooling of the slag, and hence depend upon the rate of cooling of the slag sample. In the case of copper, these entrained particles range in size from 5-100 microns and are too small to settle out in a reasonable time. Quenched slag shows clearly the entrained copper droplets, while the dissolved copper is known to be observable as much smaller droplets in the slowly cooled slags. Similar behavior is also found in the case of nickel.
The mechanically entrained copper present in the reverberatory furnace originates from a number of sources:
1. During the fusion process of the furnace charge. 2. From the converter slag. Due to the turbulent conditions in the converter, mass transport of the metal-rich phase to the slag phase by gas bubbles.
3. Gas producing reactions within the reverberatory furnace. The principal source of the gas is the reaction between FeS and magnetite; FeS + 3Fe 3 0 4 = lOFeO + SO2. This reaction occurs at the matte-slag interface and the resulting SO2 gas has been shown to float matte particles into the slag phase.
4. Nucleation of a copper-rich phase from the homogeneous slag phase due to temperature changes or oxygen pressure changes in the furnace.
Obviously all these sources do not give rise to entrained particles of identical chemical composition. The entrained particles can thus vary from almost pure copper to copper sulphide to copper iron sulphides. Therefore, any selective leaching technique to differentiate the entrained copper from dissolved copper is expected to be difficult.
Factors which affect the presence of entrained particles may be summarized as follows:
1. slag viscosity, 2. density difference between matte and slag, particularly during the melting process, 3. presence of solid phases in the slag such as magnetite and chromite which may entrap matte particles, 4. presence of gases, 5. the fluid motion of the slag. The variables which affect the extent of dissolved copper in slags can be summarized as follows:
1. the chemical activity of the copper in the matte phase, i.e., matte grade, 2. the chemical composition of the slag phase, 3. the oxygen potential of the slag, 4. the temperature of the system. The question of how much of the metal in the slag is mechanically suspended as a second phase and how much is in dissolved ionic form is important. For example, if the bulk of the metal loss is due to dissolution, then perhaps the variables such as composition of the slag might be altered to minimize the losses. On the other hand, if the bulk of the metal loss is due to entrainment, operational techniques might be devised to minimize such entrainments.
The extent of metal loss due to chemical dissolution has been extensively studied /17-26/. In the early stages, it was assumed that copper and other metals in slags are described by the oxidation form alone. However, several different dissolution mechanisms such as sulphidic type and molecular type have now been recognized. The subject of chemical dissolution in slags for the production of both copper and nickel is well described by the concept of oxidic and sulphidic dissolution proposed by Sehnalek and Imris / 21 / and independently by Nagamori / 22/, using the ionic theory. Detailed discussion is available in these pioneer works so that only the essential points need be given below.
Oxidic copper dissolution, of course, plays a major role in metal losses in slags, but iron silicate slags dissolve additional copper when the slag phase involves a sulphide matte. In other words, the sulphidic dissolution is only significant in smelting of the mattes with low or intermediate grade, up to about 60 wt.% Cu mattes.
According to the results about relationships between copper content and the activity of CuOo.s (corresponding to CU2O) in slags, wt. pet. Cu in slag increases almost linearly by increasing the activity of CuOo.s for slags with different Fe/Si02 ratios /23/, as exemplified by These results can also be translated to the copper matte-slag system and then the calculated values based on the oxidic copper dissolution in slag alone are found to be in excellent agreement with the experimental data /20/, as shown in Fig. 11 . The copper losses in commercial reverberatory furnace and flash furnace slags have also been plotted in Fig. 11 , and it can be seen that the dissolved copper represents approximately 50% of the copper loss, the remainder being due to mechanical entrainment loss. It may also be noted that a similar metal loss is found in the case of nickel and cobalt; that is, the increase in oxygen pressure increases metal solubility in the slag phase and increasing metal activity increases metal solubility in the slag phase.
It is interesting to compare the solubilities of copper, nickel and cobalt at a constant oxygen partial pressure such as P02 of 10 8 atm. As shown in Fig. 12 , the solubility increases in order of copper, nickel and cobalt. This is in agreement with the proposed oxidation mechanism which indicates that the free energy of Wt·/. Μ in alloy formation of cobalt oxide is more negative than nickel oxide, which in turn is more negative than that of copper oxide. The decrease in solubility with increasing temperature is also predicted by the equilibrium constant of the oxidation reaction.
As described above, the formation of silicate anions such as S1O4, S12O7 etc. has been quantitatively confirmed in fayalite-based slags by x-ray diffraction 114/, and thus very low concentrations of O 2- 
where [%Cu] s is the sulphidic dissolved copper in slag.
The solubility of copper due to the interaction between Cu and S may be proportional to the product of the cationic fraction of Cu and the anionic fraction of sulphur in slag as shown by Nagamori / 22/.
Thus the following useful relation may be accepted when coupled with Nernst's distribution law. Figure 13 shows the calculated oxidic, sulphidic and total dissolved copper in slag as a function of matte grade, relevant to commercial reverberatory furnace operation / 22/. As is easily seen from the results in Fig. 13 , sulphidic dissolution is important for matte grades up to about 60 %Cu, although oxidic dissolution is predominant for matte grades higher than about 60 %Cu. The general features about dissolved copper in slag as shown in Fig. 13 are useful when discussing the metal loss in slag due to chemical dissolution, including commercial slags. Its usefulness has been emphasized by the recent results of Yazawa et al /44/ (see also Fig. 29 ). The concept of both oxidic and sulphidic dissolution of metals in slag is now recognized for the understanding of matte smelting in non-ferrous metallurgy. However, further investigation such as more precise information about the solubility of sulphur in slag as a function of slag composition including CaO, MgO and AI2O3 is required before the full potential of this idea can be assessed.
MAGNETITE IN NON-FERROUS METALLURGICAL SLAGS
As can be seen in Fig. 1 , the FeO-FezCh-SiCh diagram clearly indicates an increase in solubility of magnetite with temperature. In other words, the magnetite saturated slag will precipitate solid magnetite on cooling.
In carrying out preferential oxidation of iron, which is fundamental to copper winning, magnetite is inevitably produced. The control of magnetite is essential to the smooth operation of the pyrometallurgical process.
Copper and nickel converting slags contain large quantities of magnetite. The thermodynamic conditions are such that magnetite is stable in the converter, especially during the latter stages of conversion when the content of the reductant, FeS, and the solvent, S1O2, are low. An approximately 50° C decrease in temperature when the converter slag is added to the smelting furnace results in precipitation of solid magnetite.
This precipitation of a solid magnetite phase in the reverberatory furnace causes many operational problems. For example, an increase in viscosity occurs which, in turn, retards the settling rate of matte particles from the slag, and which also affects heat transfer through the slag. In addition, it has been reported that magnetite precipitate may block the matte tapping holes.
False bottom is the term used to describe the magnetite saturated viscous layer which forms at the matteslag interface. Milne et al / 3/ reported a false bottom containing 26.6% Fe3Ü4 which represents a composition well into the magnetite saturation region of the Fe0-Fe203-Si02 slag system. The volume occupied by this "mushy" zone can be as high as 25% of the total hearth capacity. Obviously, the formation of such a viscous zone is detrimental to mass and heat transfer between the two liquid phases.
The problem of bottom build-up in a reverberatory furnace is due to the precipitation of magnetite. The magnetite content of this accretion ranges from 37 to 60 wt. % Fe 3 0 4 /3,24-25/. Bottom build-up also results in a reduced hearth capacity. A build-up of 43 vol. % of the hearth capacity has been reported for example /25/.
Industrial reverberatory practices to control magnetite build-up have been described by many authors /26/. The following techniques have been employed by many "copper producers to control or remove solid magnetite from the reverberatory furnace hearth:
1. Air lancing of the hearth. 2. Addition of ferro-silicon. 3. Addition of scrap iron or steel. 4. Feeding of calcine high in FeS. 5. Maintaining a high S1O2 slag.
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6. Installation of gas burners in the roof to direct heat at problem locations.
Finally, if all of these fail, the furnace must be shut down and the build-up must be removed physically.
Recently, a new slag system has been introduced by Mitsubishi (Japan) for their new continuous copper process. This slag is based on the CaO-Fe2C>3 system. These non-silicate base slags have many useful features such as low melting point and low viscosity, in addition to a large solubility for magnetite. More detailed information about such new type slags is given later.
VISCOSITY OF FAYALITE-BASE SLAGS
Viscosity of molten slags is of interest for a number of reasons. In copper smelting, the matte, formed in the banks of the reverberatory furnace, falls and collects at the bottom of the furnace. The heat to the matte phase must be transferred through the slag layer. In addition, apart from the influence of slags on settling rates of entrained sulphide and metal particles, the viscosity of slags may also play an important role in the intermixing and assimilation of converter slag in the reverberatory furnace slag, and also in the rate of flow of the upper layer of slag relative to the bulk of the slag body, and on the rate of mass transfer within the slag phase. With these facts in mind, viscosity of fayalite (2FeO SiC>2)-base slags is one of the important properties in non-ferrous metallurgy.
Several investigators have measured viscosity data along the iron saturation boundary of the FeO-SiCh binary system, and all but one have found a viscosity maximum near the fayalite composition / 27-31 /. Since non-ferrous smelting operations are usually carried out under high oxygen potentials, the viscosity data of the Fe0-Fe203-SiC>2 slag system are extremely important, particularly in regions away from iron saturation. Such a study should also observe the extent of the fayalite-associated viscosity maximum, as well as the effect of the oxygen potential and the accompanying change in the Fe 2+ / Fe 3+ ratio on slag viscosity.
Toguri et al / 32, 33/ recently carried out an extensive investigation on the viscosity of fayalite-base slags using a rotating cylinder viscometer. The numerical results at temperatures between 1250 and I350°C are given in Table 4 as a function of oxygen partial pres-v sure and Fe/ Si ratio. Three-dimensional presentations of these results are shown in Fig. 14 The viscosities have been plotted with respect to the vertical scale shown at the right hand side of each diagram. The numbers adjacent to the points are the viscosity values in centipoise. The lines, which require some interpolation and extrapolation, were added to facilitate the clarity of this presentation. The notable features of these topographical viscosity maps are as follows:
1. The general shape of the viscosity surface is retained at all temperatures, although there is a decrease in viscosity with increasing temperature.
2. There is a rapid decrease in viscosity as the composition shifts away from silica saturation. With increase in temperature, the rate of viscosity change is smaller.
3. A maximum occurs close to the fayalite composition. The height of this peak decreases substantially as the temperature increases up to 1350°C. As the oxygen partial pressure increases, the viscosity maximum disappears at 1300 and 1350°C.
4. The viscosity surface falls to a plateau at higher FeO contents.
5. Excluding the fayalite associated maximum, effects of oxygen partial pressure changes on viscosity are minimal. In Fig. 14 (a) , the viscosity values reported by Ikeda et al / 31 / are illustrated as open circles. These results were obtained at iron saturation and were plotted accordingly, and they are consistent with the mapped surface. The viscosity maximum near the fayalite composition is easily recognized in these measurements.
The effects of temperature and FeiCh/FeO ratio on viscosity of fayalite-base slags are shown in Figs. 15  and 16 , respectively. Viscosity decreases rapidly with increase in temperature for slag containing 35 wt. % S1O2 melt, the melt exhibiting the fayalite maximum. The low silica melt showed only a small decrease over the same temperature range. As shown in Fig. 16 , only a small change in viscosity was found for both high and low constant silica content and thus one can conclude that FeO and Fe2C>3 are approximately equivalent as regards viscosity. Two of the features observed in the viscosity maps can be qualitatively explained by the concept of depolymerization of the three-dimensional silicate network. As iron oxide is introduced, viscosity decreases rapidly, due to the breakdown of the polymeric silicate anions. When a sufficient amount of iron oxide is added, the silicate anions approach their lowest size limit of flow unit, and the further addition of iron oxide results in no further depolymerization. Thus, viscosity tends to reach a plateau in such a composition range. A viscosity maximum associated with fayalite was confirmed in the liquid region away from iron saturation. This maximum was found to be sensitive to temperature and oxygen partial pressure. It is suggested that the viscosity maximum, related to the formation of fayalite clusters in the melts / 31 /, is associated with Fe-0 bonding. The disappearance of this viscosity maximum above 1300°C at the higher oxygen partial pressures indicates that the peaks are attributable to the presence of a high concentration of Fe 2+ ions in the slag melts. It is also noted that similar viscosity maxima were detected in the alkali-borate systems / 34-36/ at a composition corresponding to the compound Na20-4B2C>3 and in the CaO-SiCh system / 371 at the metasilicate composition.
The relationship between the x-ray diffraction results /14/ discussed in chapter 3 and the viscosity anomaly will now be given.
(A) Polymerization Effect of Silicate Anions (Anion Effect)
The polymerization of silicate anions gives rise to an increase in viscosity. In the dilute S1O2 region, only S1O4 and (presumably) small amounts of S12O7 exist, resulting in a slight and gradual increase in viscosity. However, in the composition range where the formation of larger and more complicated silicate anions occurs, this effect should increase drastically. The polymerization reaction itself depends mainly upon the silica content and is relatively insensitive to temperature.
(B) Cation Effect
The cation effect depends upon the number of silicate anions due to the localization of cations near the singly bonded oxygens of the silicate anions. As the number of silicate anions increases, this effect also gradually increases. However, the number of pairs of the cation-singly bonded oxygens per unit volume decreases when the polymerization of the S1O4 tetrahedral units occurs with increase in the silica content. There is also a decrease in the number of cations. Therefore, the cation effect should decrease beyond a certain composition. In other words, the cation effect seems to peak at a specific composition, and is due to the interaction between metallic ions and singly bonded oxygen in silicate anions. This interaction is not very strong when compared with the Si-O bonding and also appears to be sensitive to temperature. The cation effect should exist in the region where the drastic increase occurs in viscosity due to increased silica content, as well as in the dilute silica region. However, the effect may not be evident in such concentration ranges, because the polymerization effect of silicate anions is primarily responsible for the drastic increase in slag viscosity.
The crystal structure of fayalite indicates that all the silicons form S1O4 tetrahedra and all irons are associated with four singly-bonded oxygen of the S1O4 local ordering units. Such correlations have been quantitatively confirmed in iron silicate melts by x-ray diffraction /14/. Therefore, the number of pairs between Fe 2+ -0~ in the liquid state is expected to be similar to those observed in the crystal structure. With this fact in mind, the cation effect on the viscosity of molten fayalite-base slags probably has a maximum near the fayalite composition. Figure 17 (A) provides a schematic diagram indicating the role of the above two effects on the viscosity change in molten FeO-SiCh as a function of the silica content. The magnitude of the cation effect may be estimated by the root mean square displacement evaluated from the x-ray diffraction results for iron-single bonded oxygen of silicate anions. Note that the small value of the root mean square displacement, (Arik) 1/2 , indicates the relatively fixed correlation of the i-k pairs. Figure 17(B) , indicating the variation of the (ArFe-o) 1/2 as a function of the silica content at three temperatures, supports the above deduction. Thus the fayalite type correlation, in which all the Fe 2+ ions correlate to four singly-bonded oxygens in the silicate anions, appears to play a significant role in the viscosity anomaly of molten FeO-SiCh near the fayalite composition.
A similar analysis has been applied to fayalite-base slag melts and the results are given in Fig. 18 observed in the crystal structure presumably decomposes with increase in the Fe 3+ content.
The present picture gives only a qualitative interpretation for the viscosity anomaly observed in the fayalite-base slag melts. Nevertheless, the contribution of the cation effect on the viscosity of slag melts is considered to be noteworthy. This is particularly true in the dilute S1O2 composition range. It would also be interesting to extend the present interpretation to the viscosity of other silicate slags.
Recently, there have been discussions on the addition of CaO to non-ferrous metallurgical slags. For example, the converting slag of the Mitsubishi process for copper is primarily a Ca0-Fe203 slag, which is reverted back to the smelting furnace. For this reason, the addition of CaO to iron silicate slags is also of considerable interest.
The effects of CaO additions on slag viscosity are given in Fig. 19 . Two Fe/Si ratios, 3.09 and 3.88, were chosen. The latter ratio corresponds to a composition which showed the fayalite peak. Decreases in viscosity are observed for all melts upon the addition of CaO. The decrease is more prominent for high-silica melts, which suggests that CaO modifies the Si-O bonds rather than the Fe-O bonds. The lowering of viscosity with the addition of CaO has also been observed in smelter practice. It is to be noted that the viscosity of industrial slags has been measured by many people, e.g., Winterhager and Kammel /38/ and Davery and Segnit 139/, in order to optimize slag composition for the best non-ferrous smelting conditions. 
RELATIVELY NEW TYPES OF SLAG
As described in the previous chapters, iron silicate slag is the most common liquid phase containing iron oxide used in non-ferrous metallurgical processes. However, these slags have various inherent problems which hinder metallurgical operations. It may be helpful to recall the essential points relevant to iron silicate slag.
1. Because of the use of strong acidic silica, high viscosities and high basic oxide concentrations are inevitable. Thus valuable metal losses in the slag phase occur, due to both chemical dissolution and mechanical entrainment.
2. Simultaneous addition of lime (CaO) to the slag can increase the basicity, but also leads to increase in the amount of slag and decrease in the holding capacity of iron oxide.
3. As shown in Fig. 1 , under oxidizing conditions, iron silicate slags are rather narrow in composition and have quite low holding capacity for iron oxides. This suggests that iron silicate slags have a low solubility for both ferrite (Fe 2 0 3 ) and magnetite (Fe 3 C>4). For this reason, oxidation smelting of copper or nickel sulphide ore is often complicated by precipitation of solid magnetite.
4. Formation of highly basic slags required for the removal of As (in non-ferrous metallurgical operation) and P(in ferrous metallurgical operation) is difficult in silicate-base slags.
Metallurgists have long accepted silica as an indispensable component of slags, but this is not necessarily a requirement in non-ferrous metallurgical processes such as the converting of matte, refining of crude metals and even smelting of sulphide ores containing low levels of silica. For example, Fig. 20 shows the binary liquidus lines /40/ between FeO and various oxide components, from which CaO and FeS are recognized as very efficient fluxes for FeO as well as S1O2. In particular, CaO-FeO* systems without silica have recently received much attention, because their properties promise to reduce the above-mentioned problems with silicate slags. Soda slags are also wellrecognized as relatively new types for refining processes of liquid metals / 41/. For this reason, available information on these new type slags is summarized below for future convenience.
The oxygen isobars and liquidus isotherms have been determined from the experiments in which calcium ferrite samples were brought to equilibrium with CO-CO2 gas mixtures / 42/. The oxygen potential, slag compositions and temperature are related to each other by the following equation in the range of Po from one order above that at iron-saturation to 10 4 atm: log po = 5.88 log (Fe 3+ /Fe 2+ ) (7) -0.106 (%CaO) -32400/Τ + 14.82. Figure 21 gives the relation between the homogeneous liquid region and iso-oxygen potential for the Fe0-Fe203-Ca0 system at 1300c, corresponding to the usual temperature in non-ferrous extractive metallurgy. Information on the Fe0-Fe20 3 -Si02 system is also indicated in this figure for comparison. The liquids on the isotherms OP, PV, VZ, OR and RR' are equilibrium with solid iron (Fe), wustite (FeO), magnetite (Fe 3 04), lime (CaO) and dicalcium ferrite (2CaO Fe 2 0 3 ), respectively. The homogeneous liquid region for iron silicate slag is relatively narrow and restricted near the FeO-SiCh join and the allowable oxygen pressure is limited 10~" to 1CT 6 atom by the line ic, where solid magnetite separates. On the other hand, the liquid calcium ferrite slag covers a wide region with a high holding capacity of iron oxides, and the oxygen isobars range from 1 0 11 to 1 atm. which essentially eleminates the problems caused by solid magnetite precipitation even under high oxygen potentials, if the lime content is kept at a suitable level. As is easily seen in the results of Fig. 21 , ferric oxide in slag melts tends to increase with decrease in silica content, but it appears to increase with increase in lime content. In other words, the ratio of Fe 3t /Fe 2+ of the slag melts is much higher in the calcium ferrite system at a given oxygen potential compared with the iron silicate system, and is raised by lime additions. However, this ratio is lowered by the silica addition in iron silicate slags.
On the basis of the information about liquidus and oxygen isobars for the Fe0-Fe203-Ca0 system, the iso-activity lines were evaluated for Fe(s), FeO(l), Fe304(s) and CaO(s) by the use of the Gibbs-Duhem equation, as shown in Fig 22 (A) , using the results of the 1300° C case as an example. One of the most prominent features in Fig. 22(A) is the high level of activity of CaO. The iso-activity lines of FeO(l), CaO(s) and Si02(s) in the Fe0-Fe203-Ca0 melt containing 30 wt. % S1O2 at 1300°C were evaluated from the data of Timucin and Morris at higher temperatures /43/ and the results are given in Fig. 22 (B) . It was suggested by comparing these two results that the activity of the lime component is much higher in calcium ferrite slag, but is strongly decreased in silicate slag by the tendency of CaO to combine with S1O2.
Solubilities of valuable metals in slags, and distribution equilibria between slag and metal, are known to be useful for the understanding of many metallurgical processes, and were extensively studied by Yazawa and his colleagues /44/.
Solubility of Cu and Pb in calcium ferrite slag was determined by equilibrating slag samples with liquid metal and a C0-C0 2 gas mixture. The results are illustrated in Fig. 23 . At a given oxygen potential, the ratio of %Cu in silicate slag to %Cu in ferrite slag is approximately 1.6. The dissolution of Pb in ferrite slag is lower by about ten times than in silicate slag. These two observations may be significant in the pyrometallurgical processes of these metals. The large activity of the lime component in ferrite slag may account for part of the difference between silicate-base and ferritebase slags. Figure 24 provides information about distribution ratios for some minor elements between slags and copper as a function of oxygen potential. Here, the following definition of distribution ratio is employed:
where ( ) and [ ] represent the values in slag phase and metal phase, respectively. Because of the separation of solid gamma-iron and oxidation of liquid copper, the oxygen potential is in the range of-12 and -4. The data for iron silicate slag denoted by dashed lines in Fig. 24 , are limited by about -7 in the oxygen potential, due to solid magnetite precipitation.
As is easily seen from the results of Fig. 24 , zinc dissolves mainly in the slag phase in a divalent form (ZnO). However, the dissolution of zinc in ferrite slag appears to be much lower than in silicate slag. A similar tendency is observed for lead. The oxidation removal of antimony and arsenic from copper may not log P 0j (atml with those of As and Sb, as an example. One of the most noticeable features in Fig. 25 is that the distribution ratios increase with increased CaO content for As and Sb which form acidic oxides, whereas such ratios decrease for Pb, presumably due to the formation of a rather strong basic oxide. On the other hand, the distribution ratios for Cu and Ni show the almost constant value with respect to the change of the CaO content. Distribution equilibria between iron silicate slag and matte have also been extensively studied by Yazawa and his colleagues / 44/. The dissolution of copper and sulphur in slags equilibrated with matte are summarized in Fig. 26 . Note that the content of copper in the plain Fe0-Si02 slags shows the maximum and minimum, suggesting the dissolution of copper by both sulfidic and oxidic forms as first proposed by Nagamori /45/. The significant decreases in the dissolution of copper and sulphur are observed by the increased lime in the silicate slag, as shown in Fig.  26 . Mutual solubility between slag and matte may increase if the silicate slag is replaced by a more covalent ferrite slag. This has been confirmed by the recent results for the equilibrium between calcium ferrite slag and copper matte, as given in Fig. 26 with dotted lines /46/. Sulphur content in ferrite slag is much higher than in silicate slag and most of the sulphur is thought to dissolve as FeS. Increasing the FeS content in ferrite slag with decreasing matte grade results in an increase in sulphidic dissolution of copper, and liquid separation is hardly noticeable. When the copper grade in matte is superior to 75%, oxidic copper dissolution becomes predominant atid increases with increasing matte grade. Copper contents in ferrite slag in such regions are of the same order as those in silicate slag.
In refining processes for liquid metals, iron is not necessarily an important component. Recently, soda slags free of iron oxide have also received much attention, as one of the feasible future processes in nonferrous metallurgy in parallel with recent progress in soda-metallurgy for molten iron /41 /.
In Fig. 27 , the distribution ratios of antimony between various slags and liquid copper are given as a function of the oxygen potential / 47/. As is easily seen in this figure, the distribution ratios in sodium silicate slag containing rather high silica are of the same order as those in ferrite slag. However, high removability of antimony is expected with highly basic sodium silicate slag or Na2-Na2C0 3 flux. The distribution ratio in plain sodium carbonate is not so high under lower oxygen potential, but it increases markedly with increasing oxygen potential. The dissolved species of antimony in sodium carbonate appear to change from tri-valent to penta-valent form depending upon the oxygen potential, although the tri-valent form may be assumed for other slag systems. The distribution ratios for arsenic between soda slag and liquid copper are given in Fig. 28 . The distribution ratios of arsenic and antimony between Na2CC>3 and liquid copper provided in Figs. 27 and 28 agree well with those reported by Kojo et al. /48/. The general features observed in Fig. 28 are close to the results of Fig. 27 . However, it should be noticed that the removability of arsenic is more sensitive to the basicity of slag, and that the stability of higher valence species increases with increasing slag basicity. Note that the penta-valent form is feasible as a predominant species of arsenic in the highly basic slag or under higher oxygen potential, even in rather rich silica slags. The isobars of the distribution ratios of arsenic and antimony are illustrated in Fig. 29 together with the liquid isotherm for CU2O-S1O2-(Na2Ü + Na2CC>3) system. Note that Na2CC>3 was used as the starting materials in the equilibrium experiment, but remains as carbonate just in the dilute S1O2 and CU2O region.
In the Cu 2 0-(Na 2 0 + Na 2 C0 3 ) "binary" system without silica, three liquid phases coexist under the oxygen potential of log ροζ =-5, as shown in the schematic diagram of Fig. 30 (A) . The compositions observed in experiment / 47/ are shown in this figure, and the distribution ratios for arsenic are also indicated between two phases. This would be the condition for maximum removability of arsenic under maximum oxygen potential for a system where Na2CC>3 and liquid copper coexist. On the other hand, the similar three liquids' equilibria, including sodium ferrite slag under the minimum oxygen potential, are illustrated in Fig. 30(B) . It is evident that arsenic is concentrated in liquid copper phase under the reducing condition even with coexisting sodium carbonate.
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PROCESS IMPLICATIONS OF THE RELATIVELY NEW TYPE SLAGS
The new type slags such as calcium ferrite-base and soda-base are now recognized as having great significance in various metallurgical processes. Therefore, information on their process implications is given below, based on recent experimental data as described in the previous chapter.
New Lead Smelting Process Using Ferrite-base Slag
The dissolution of lead in ferrite slag is approxi- 
New Smelting Process for Copper Concentrate Using Ferrite-base Slag
Judging from the large mutual solubility between ferrite slag and matte, shown in Fig. 26 , the use of ferrite-base slag in matte smelting seems less attractive. However, if the matte grade is around 75%
copper, there is no difference in solubility of copper in silicate-base and ferrite-base slags. Thus, it may be worthwhile to consider direct smelting of copper concentrate to produce 75% copper matte by use of calcium ferrite slag / 50/. Such direct smelting is rather difficult with conventional silicate-base slag, because of the precipitation of solid magnetite due to the limited holding capacity of iron oxides.
Arsenic and Antimony Removal in Copper
Refining by Use of Soda-base Slag temperatures. The slag component of 3Na 2 0 AS2O5 (melting point 1260°C) is easily separable from C112O slag and from liquid copper because of the similarity in phase relations between Na 2 0 S1O2 and CU2O.
CONCLUDING REMARKS
The significant role of slags in non-ferrous metallurgical operations has been reviewed and many important factors have been presented relevant to industrial problems associated with iron-silicate slags, such as metal losses to the slag phase and precipitation of solid magnetite. Metal losses in non-ferrous metallurgical slags are mainly due to chemical dissolution and physical entrainment. However, losses due to physical entrainment cannot be accurately predicted. Slag viscosity is probably an important factor with respect to this problem.
It has been found that for a constant Fe/Si ratio, increasing the oxygen partial pressure does not significantly change the viscosity of fayalite-base slag melts. However, at magnetite saturation, the viscosity increases drastically, due to the presence of a second phase. In addition, a viscosity anomaly associated with the fayalite clusters has been confirmed in the liquid region away from iron saturation.
Direct structural study of molten slags by means of a high temperature x-ray diffraction has revealed the fundamental local ordering units to be S1O4 tetrahedra in a wide range of composition and temperature of iron silicate melts. At the present time, there are limitations in x-ray diffraction techniques which prevent the quantitative resolution of silicate anions (polymerized silicate anions) present in slag melts. For this purpose, further experiments using new techniques such as anomalous (resonance) x-ray scattering / 51 / will be required.
On the basis of the recent experimental results for ferrite-base and soda-base slags in the equilibrium state, thermodynamic properties and phase relations have been discussed and the differences from silicatebase slags surveyed. The presently available information such as the distribution ratios of various elements between liquid metals and ferrite-base or soda-base slag melts clearly indicates that these relatively new type slags should have wide applicability in metallurgical processes. In fact, calcium ferrite-base slag is now used commercially in the Mitsubishi continuous copper converting process. The practical process implications of ferrite-base and soda-base slags have also been given with respect to direct smelting of lead and copper concentrates; and crude copper refining as examples.
